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ABSTRACT 
The recycling of glass fibre composites has become an important issue because of social-ecological, 
financial and legislative reasons. One main obstacle for the recycling of glass fibre composites is the 
low value of the recycled fibres. The present study investigates methods to maximize the 
reinforcement potential of thermally recycled glass fibres. Glass fibres were exposed to thermal 
recycling temperatures and processed into injection moulded polypropylene composites. Microbond 
tests were performed to characterize the adhesion between the fibres and the polypropylene matrix. 
Similar to other studies, the composite performance dropped when the fibres were exposed to high 
temperatures. It was found that the regeneration of the interfacial shear strength using maleic 
anhydride grafted polypropylene improves the composites performance but a post treatment of the 
ILEUHVZLWKȖ-aminopropyltriethoxysilane was more effective. It was concluded that the application of 
Ȗ-aminopropyltriethoxysilane might have improved the strength of the fibres. 
 
1 INTRODUCTION 
The glass fibre composites industry has experienced a rapid growth over the last decades and the 
global annual production of glass fibre composites is expected to exceed 10 millions tons this year. 
More than 50% of the glass fibre composites are thermoset based which are not intrinsically recyclable 
like thermoplastic based composites. The recycling of glass fibre composites was less interesting than 
the recycling of carbon fibre composites because of the higher value of carbon fibres [1]. Currently, 
glass fibre composites are often disposed as landfill but the recycling of glass fibre composites has 
become more desirable because of social-ecological, financial and legislative reasons. Societies and 
governments have become aware of the negative effects of landfill. Consequently, landfill is banned in 
some countries (e.g. Germany). In other countries, the governments raise taxes on landfill [1,2]. The 
European Union has released WKHµ(QGRI/LIH9HKLFOHV¶GLUHFWLYHZKLFKIRUFHVFDUPDQXIDFWXUHUVWR
increase the recyclability of cars to 85% by 2015 [3]. 
 
Thermal recycling processes like the fluidized bed [4] process can provide relatively clean and long 
fibres without the use of hazardous chemicals. One major disadvantage is that glass fibres lose their 
strength and sizing during thermal recycling processes [5]. Thus thermally recycled glass cannot 
compete with pristine glass fibres. Yang et al. [6] recently demonstrated that reinforcement potential 
of thermally recycled glass fibres could be improved by a post treatment with hydrogen fluoride. The 
present work looks at other ways that do not involve the use of hazardous chemicals like hydrogen 
fluoride to maximize the reinforcement potential of thermally recycled glass fibres. 
 
2 EXPERIMENTAL 
2.1 Fibre treatement 
DS2200-13P chopped glass fibres with Polypropylene compatible sizing were provided by 3B 
Fibreglass company. The nominal diameter of the fibres is 13µm and the nominal length 4mm. The 
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fibres were thermally conditioned before composite processing in a µ&DUEROLWH&:)¶IXUQDFH at 
500°C for 25min in air. After thermal conditioning the fibres were allowed to cool down in air. The 
WKHUPDOO\FRQGLWLRQHGILEUHVZHUHLPPHUVHGIRUPLQLQYROȖ-amino- propyltriethoxysilane (APS) 
solution. The solution was prepared by mixing the APS with deionized water 24h before use. After 
chemical treatment the fibres were dried at 110°C for 4h. 
 
2.2 Composite processing 
The composites were processed via extrusion compounding and injection moulding. The glass fibres 
were extrusion compounded with µ6$%,&336¶3RO\SURS\OHQH33 in a µ%HWRO%&¶ single 
screw extruder. µ3RO\ERQG ¶ PDOHLF DQK\GULGH-grafted polypropylene (MaPP) was added to the 
composites to promote the adhesion between glass fibres and matrix. The extruded material was drawn 
through a water bath and cut into pelletVXVLQJDURWDU\FXWWHU7KHSHOOHWVZHUHIHG LQWRDQµ$UEXUJ
170-¶LQMHFWLRQPRXOGLQJPDFKLQHWRSURGXFHdog-bone shaped tensile test specimens according 
to ASTM 638. All samples were stored for three weeks at room temperature conditions before 
mechanical testing. The nominal fibre content of all composites was 30wt%. 
 
2.3 Mechanical testing 
7HQVLOHWHVWVZHUHSHUIRUPHGXVLQJDQµ,QVWURQ¶WHVWLQJPDFKLQH$OOWHVWVZHUHSHUIRUPHGZLWKD
head displacement rate of 1mm/min. A video extensometer was used to measure the strain. At least 5 
samples of each batch were tested. 
 
2.4 Fibre length measurement 
Untested tensile test specimens were ashed in a programmable µ&DUEROLWH &:) ¶ IXUQDFH to 
separate the glass fibres from the PP matrix. Then the fibres were dispersed in deionized water and 
poured into petri dishes. The petri dishes were scanned by a high resolution scanner and the scanned 
image was analysed using an µ,'0)$6(3¶ILEUHOHQJWKDQDO\VLVV\VWHP. At least 10000 fibres were 
analysed for each sample. 
20th International Conference on Composite Materials 
Copenhagen, 19-24th July 2015 
3 RESULTS AND DISCUSSION 
3.1 Tensile strength and micromechanical properties 
Figure 1 shows the tensile strength of the investigated composites. Figure 1 shows no difference 
between composites based on as received fibres with 1wt% added MaPP and 8% added MaPP. In 
contrast, the tensile strength of the composites based on thermally preconditioned fibres improved 
significantly when 8 wt% MaPP were added to the composites. Both composites based on thermally 
conditioned fibres did not approach the tensile strength of the composites based on as received fibres. 
When the fibres were post treated with APS after thermal conditioning the tensile strength of the 
composites almost reached the level of the composites based on as received fibres.  
 
Preliminary work of this study showed that the tensile strength of composites based on as received 
fibres improves due to the addition of MaPP but reaches a plateau when more than 0.5wt% MaPP are 
added to the composite. This increase of the tensile strength can be attributed to an improvement of the 
adhesion between fibre and matrix. The as received fibres were fully sized with a PP compatible 
sizing. Thus a relatively low amount of MaPP was needed to optimize the tensile strength and the 
addition 8 wt% MaPP did not lead to an increase of the tensile strength. Similar observation on sized 
fibres were reported by Bowland [7] when he investigated the tensile properties of long glass fibre PP 
composites. The thermally preconditioned fibres lost most of their sizing during the heat treatment and 
larger amounts of MaPP were required to optimize adhesion between fibre and matrix. Rijsdijk et al. 
[8] investigated the effect of MaPP on unsized fibres and observed that 10wt% MaPP were required to 
optimize the tensile properties of long glass fibre PP composites. The lower tensile strength of the 
composites based on thermally conditioned fibres might be explained with the loss of the PP 
compatible sizing and a reduction of the fibre strength. Microbond tests and micromechanical analysis 
were used to investigate how the MaPP and APS influence the properties of the composites. 
 
 
Figure 1. Tensile strength of the studied composites 
 
Figure 2 shows the values for the IFSS that were obtained from the microbond tests and the fibre stress 
at composite failure that was determined from the tensile test data using the Kelly-Tyson model. As 
expected the IFSS between as received fibres and PP with 1wt% added MaPP content is higher than 
the IFSS between heat treated fibres and PP with the same amount of added MaPP. When the MaPP 
content was increased to 8wt% the measured IFSS between the heat treated fibres and the PP 
approached almost the value of as received fibres. Similar to the addition of 8wt% MaPP, the post 
treatment of the heat treated fibres with APS also increased the measured value for the IFSS. The 
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microbond test results suggest that the IFSS between heat treated fibres and PP with 8wt% added 
MaPP might have been similar to the IFSS between post treated fibres and PP with 1wt% added 
MaPP. 
 
Fu et al. [9] demonstrated that the amount of residual polymer on fibres cannot always be used as a 
measure for the interfacial adhesion. However in the present study, the fracture surfaces in Figure 3 
support the results of the microbond tests. The as received fibres were covered with residual PP while 
the heat treated fibres were relatively clean when only 1wt% MaPP was added to the PP. Residual PP 
was also found on fibres when 8wt% MaPP were added to the composites and when the fibres were 
post treated with APS. 
 
Although the microbond test results suggest similar levels of adhesion the composites based on post 
treated fibres were significantly stronger than the composites based on heat treated fibres with a high 
MaPP content. The fibre stress at composite failure plotted in Figure 2 shows that the post treated 
fibres carried similar loads like the as received fibres at composites failure. The addition of MaPP did 
only slightly improve the fibre stress at composite failure. 
 
It is currently not clear why the post treatment of the fibres with APS improved the composite 
properties more than the addition of MaPP. One possible explanation might be that the APS heals 
flaws of the thermally conditioned fibres. It was previously reported that APS can heal flaws in glass 
fibres [10,11]. The data of the present study might support this theory. However, these studies 
investigated as received fibres that were not exposed to thermal recycling temperatures. A more recent 
study by Yang and Thomason [12] showed that the positive effect of APS on the strength of glass 
fibres might be explained from the surface protection point of view. Kennerly et al. [13] recoated glass 
fibres after thermal conditioning in air DW & IRU PLQ ZLWK Ȗ-methacryloxypropy- ltrimethoxy 
silane. They did not observe an improvement of the fibres strength. Sáez-Rodríguez et al. [14] 
thermally conditioned glass fibres similar to the present study for 25min at 500°C in air. They did not 
observe an increase of the fibre strength when the thermally conditioned fibres were sized with APS. 
However, they performed single fibre tensile tests on fibres with 20mm gauge length. The residual 
length of the fibres after composite processing was measured to be less than 500µm. Thus the results 
might not be comparable due to gauge length effects and APS might have a positive impact on the 
strength of very short fibres.  
 
 
Figure 2. Interfacial shear strength and fibre stress at composite failure obtained from microbond tests 
and micromechanical analysis 
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Figure 3. SEM micrographs of the tensile tested composites 
 
3.2 Failure strain 
The failure strain in Figure 4 behaved partly similar to the tensile strength in Figure 1. In contrast to 
the tensile strength, the failure strain of did not improve when 8wt% MaPP were added to the 
composites based on thermally conditioned fibres but the post treatment of the thermally conditioned 
fibres regenerated the failure strain of the composites completely.  
 
 
Figure 4. Failure strain of studied composites 
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3.3 <RXQJ¶VPRGXOXV 
7KHYDOXHVIRU WKH<RXQJ¶VPRGXOXVof the investigated composites and residual length of the glass 
fibres after composite processing are listed in Table 1. A rHGXFWLRQ RI WKH <RXQJ¶V PRGXOXV ZDV
observed when the glass fibres were exposed to thermal recycling temperatures before composite 
processing. 7KH<RXQJ¶VPRGXOXVRIGLVFRQWLQXRXVJODVVILEUHSRO\SURS\OHQHFRPSRVLWHVLVNQRZQWR
be dependent on the residual fibre length, the modulus of the glass fibres, the fibre orientation and 
fibre content [15±19]. All investigated composites were processed under the same conditions and the 
same fibre content was used. Several researchers reported that the modulus of glass fibres increases 
[20,21] or does not change [22,23] due to exposure to thermal recycling temperatures. It is therefore 
OLNHO\WKDWWKHUHGXFWLRQRIWKH<RXQJ¶VPRGXOXVRIWKHFRPSRVLWHVZDVFDXVHGE\DUHGXFWLRQRIWKH
residual fibre length. It was previously shown that the length degradation of glass fibres during hot 
melt processing is influenced by the tensile strength of the fibres [24,25]. Thus the reduction of the 
residual fibre length could partly be explained with a reduction of the glass fibre strength. In addition, 
the residual fibre length might have been influenced by the arrangement of the fibres. The chopped 
fibres were received as bundles but broke up easily into single fibres after thermal conditioning. Single 
fibres were previously observed to be more susceptible to length degradation than fibres bundles 
during hot melt processing [5]. The arrangement of the fibres and the relatively thin layer of sizing 
might also explain why the post treatment with APS did not lead to an increase of the residual fibre 
length. 
 
Fibre reinforcement and added  MaPP content <RXQJ¶VPRdulus [GPa]  Residual fibre length [µm] 
As received (1% MaPP) 6.21±0.26 344 
Thermally conditioned (1% MaPP) 5.93±0.37 315 
Thermally conditioned (8% MaPP) 5.50±0.13 315 
Post treated with APS (1%MaPP) 5.40±0.36 302 
Table 1. Young¶VPRGXOXVRILQYHVWLJDWHGFRPSRVLWHV 
 
4 CONCLUSION 
The present study demonstrates that thermally recycled glass fibres need a post treatment to act as 
effective reinforcement in polypropylene (PP) composites. The adhesion between fibres and 
polypropylene can be regenerated by the addition of maleic anhydride grafted polypropylene (MaPP). 
The optimization of the interfacial adhesion also led to an improvement of the composite performance. 
However, the post treatment of the ILEUHV ZLWK Ȗ-amino- propyltriethoxysilane (APS) was more 
effective in improving the composite performance. The composites based on the post treated fibres 
almost reached the performance of the composites based on as received fibres. This might indicate that 
APS can improve the strength of glass fibres after exposure to thermal recycling temperatures if the 
gauge length is sufficiently short. Thus a post treatment with APS might be sufficient to regenerate the 
reinforcement potential of thermally recycled glass fibres for the application in injection moulded PP 
composites. 
 
ACKNOWLEDGEMENTS 
7KLV ZRUN LV SDUW RI WKH (365& JUDQW µ7RZDUGV $IIRUGDEOH &ORVHG-Loop Recyclable Future Low 
&DUERQ 9HKLFOH 6WUXFWXUHV¶ 7$5)-LCV). The financial support by the EPSRC is gratefully 
acknowledged. The authors would also like to thank the Advanced Materials Research Laboratory 
(AMRL) for the use of the mechanical testing machines and the SEM. The help of 3B fibreglass 
20th International Conference on Composite Materials 
Copenhagen, 19-24th July 2015 
company and Saudi Basic Industries Corporation (SABIC) for the supply of the materials is also 
acknowledged. 
 
REFERENCES 
[1] 6-RE³5HF\FOLQJJODVVILEUHUHLQIRUFHGFRPSRVLWHV± KLVWRU\DQGSURJUHVV´Reinf. Plast., vol. 
57, no. 5, pp. 19±23, Sep. 2013. 
[2] ./DUVHQ³5HF\FOLQJZLQGWXUELQHEODGHV´Renew. Energy Focus, vol. 9, no. 7, pp. 70±73, 
Jan. 2009. 
[3] 3DUOLDPHQWRIWKH(XURSHDQ8QLRQ³'LUHFWLYH(&RIWKH(XURSHDQ3DUOLDPHQWDQGRI
the Council of 18 September 2000 on end-RIOLIHYHKLFOHV´Off. J. Eur. Communities, 2000. 
[4] 6-3LFNHULQJ³5HF\FOLQJWHFKQRORJLHVIRUWKHUPRVHW composite materials²FXUUHQWVWDWXV´
Compos. Part A Appl. Sci. Manuf., vol. 37, no. 8, pp. 1206±1215, Aug. 2006. 
[5] -/7KRPDVRQ/<DQJDQG50HLHU³7KHSURSHUWLHVRIJODVVILEUHVDIWHUFRQGLWLRQLQJDW
FRPSRVLWHUHF\FOLQJWHPSHUDWXUHV´Compos. Part A Appl. Sci. Manuf., vol. 61, pp. 201±208, 
Jun. 2014. 
[6] L. Yang, E. Sáez-5RGUtJXH]81DJHODQG-/7KRPDVRQ³&DQWKHUPDOO\GHJUDGHGJODVV
fibre be regenerated for closed-ORRSUHF\FOLQJRIWKHUPRVHWWLQJFRPSRVLWHV"´Compos. Part A 
Appl. Sci. Manuf., vol. 72, pp. 167±174, 2015. 
[7] &%RZODQG³$IRUPXODWLRQVWXG\RIORQJILEHUWKHUPRSODVWLFSRO\SURS\OHQH3DUW7KH
HIIHFWVRIFRXSOLQJDJHQWJODVVFRQWHQW	UHVLQSURSHUWLHVRQPHFKDQLFDOSURSHUWLHV´ 
[8] H. A. Rijsdijk, M. Contant, C. Polymers, 32%R[DQG0%(LQGKRYHQ³&RQWLQXRXV-Glass-
Fibre-Reinforced Polypropylene Composites: 1. Influence of Maleic-Anhydride-Modified 
3RO\SURS\OQHRQ0HFKDQLFDO3URSHUWLHV´YROSS±172, 1993. 
[9] S. Y. Fu, B. Lauke, Y. H. Zhang, and Y.-W. Mai, ³2QWKHSRVW-mortem fracture surface 
PRUSKRORJ\RIVKRUWILEHUUHLQIRUFHGWKHUPRSODVWLFV´Compos. Part A Appl. Sci. Manuf., vol. 
36, no. 7, pp. 987±994, Jul. 2005. 
[10] 3=LQFN0)3D\V55H]DNKDQORXDQG-)*HUDUG³0HFKDQLFDOFKDUDFWHULVDWLRQRf glass 
ILEUHVDVDQLQGLUHFWDQDO\VLVRIWKHHIIHFWRIVXUIDFHWUHDWPHQW´J. Mater. Sci., vol. 34, pp. 
2121±2133, 1999. 
[11] S. P. Reilly and J.L7KRPDVRQ³())(&762)6,/$1(&2$7,1*217+(3523(57,(6
OF GLASS Fibre AND GLASS FIBRE REINFORCED EPOXY RES,1´14th European 
Conference On Composite Material, Budapest, 2010. 
[12] /<DQJDQG-/7KRPDVRQ³(IIHFWRIVLODQHFRXSOLQJDJHQWRQPHFKDQLFDOSHUIRUPDQFHRI
JODVVILEUH´J. Mater. Sci., vol. 48, no. 5, pp. 1947±1954, Nov. 2012. 
[13] J. R. Kennerley1-)HQZLFN6-3LFNHULQJDQG&'5XGG³7KHSURSHUWLHVRIJODVVILEHUV
UHF\FOHGIURPWKHWKHUPDOSURFHVVLQJRIVFUDSWKHUPRVHWFRPSRVLWHV´J. Vinyl Addit. Technol., 
vol. 3, no. 1, pp. 58±63, Mar. 1997. 
 Ulf Nagel and James Thomason 
[14] E. Sáez-Rodríguez, L. Yang, and J. L. 7KRPDVRQ³,QYHVWLJDWLRQRI6WUHQJWK5HFRYHU\RI
5HF\FOHG+HDW7UHDWHG*ODVV)LEUHVWKURXJK&KHPLFDO7UHDWPHQWV´WK,QWHUQDWLRQDO
Conference on Composite Materials, Montreal, 2013. 
[15] -/7KRPDVRQ³7KHLQIOXHQFHRIILEUHOHQJWKDQGFRQFHQWUDWLRQRn the properties of glass 
ILEUHUHLQIRUFHGSRO\SURS\OHQH,QMHFWLRQPRXOGHGORQJDQGVKRUWILEUH33´Compos. Part A 
Appl. Sci. Manuf., vol. 33, no. 12, pp. 1641±1652, Dec. 2002. 
[16] -/7KRPDVRQ³0LFURPHFKDQLFDOSDUDPHWHUVIURPPDFURPHFKDQLFDOPHDVurements on glass 
UHLQIRUFHGSRO\SURS\OHQH´Compos. Sci. Technol., vol. 62, no. 10±11, pp. 1455±1468, Aug. 
2002. 
[17] '(6SDKU.)ULHGULFK-06FKXOW]DQG56%DLOH\³0LFURVWUXFWXUHDQGIUDFWXUH
behaviour of short and long fibre-reinforced pol\SURS\OHQHFRPSRVLWHV´J. Mater. Sci., vol. 25, 
pp. 4427±4439, 1990. 
[18] -/7KRPDVRQDQG0$9OXJ³7KHLQIOXHQFHRIILEUHOHQJWKDQGFRQFHQWUDWLRQRQWKH
SURSHUWLHVRIJODVVILEUHVUHLQIRUFHGSRO\SURS\OHQH7HQVLOHDQGIOH[XUDOPRGXOXVSGI´
Compos. Part A Appl. Sci. Manuf., vol. 27, no. A, pp. 477±484, 1996. 
[19] N.--/HHDQG--DQJ³7KHHIIHFWRIILEUHFRQWHQWRQWKHPHFKDQLFDOSURSHUWLHVRIJODVVILEUH
PDWSRO\SURS\OHQHFRPSRVLWHV´Compos. Part A Appl. Sci. Manuf., vol. 30, no. 6, pp. 815±
822, Jun. 1999. 
[20] +2WWR³&RPSDFWLRQ(IIHFWVLQ*ODVV)LEHUV´J. Am. Ceram. Soc., vol. 44, no. 44, pp. 68±72, 
1961. 
[21] /<DQJDQG-/7KRPDVRQ³7KHWKHUPDOEHKDYLRXURIJODVVILEUHLQYHVWLJDWHGE\
WKHUPRPHFKDQLFDODQDO\VLV´J. Mater. Sci., vol. 48, no. 17, pp. 5768±5775, Apr. 2013. 
[22] -5.HQQHUOH\50.HOO\1-)HQZLFN6-3LFNHULQJDQG&'5XGG³7KH
characterisation and reuse of glass fibres recycled from scrap composites by the action of a 
IOXLGLVHGEHGSURFHVV´Compos. Part A Appl. Sci. Manuf., vol. 29, no. 7, pp. 839±845, Jul. 
1998. 
[23] 6)HLK(%RLRFFKL*0DWK\V=0DWK\V$**LEVRQDQG$30RXULW]³0HFKDQLFDO
properties of thermally-WUHDWHGDQGUHF\FOHGJODVVILEUHV´Compos. Part B Eng., vol. 42, no. 3, 
pp. 350±358, Apr. 2011. 
[24] 5.0LWWDO9%*XSWDDQG3.6KDUPD³7KHRUHWLFDODQGH[SHULPHQWDOVWXG\RIILEUH
attrition during extrusion of glass-fibre-UHLQIRUFHGSRO\SURS\OHQH´Compos. Sci. Technol., vol. 
31, no. 4, pp. 295±313, Jan. 1988. 
[25] J. H. Phelps, A. I. Abd El-5DKPDQ9.XQFDQG&/7XFNHU³$PRGHOIRUILEHUOHQJWK
attrition in injection-molded long-ILEHUFRPSRVLWHV´Compos. Part A Appl. Sci. Manuf., vol. 
51, pp. 11±21, Aug. 2013.  
 
